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lationship	 between	 developmental	 covariation	 and	 ontogenetic	 disparity.	 We	
demonstrate	that	modularity	and	integration	bias	the	production	of	phenotypes	along	
the	 brachycephalic	 and	 dolichocephalic	 skull	 axis	 and	 contribute	 to	multiple,	 inde-
pendent	evolutionary	 transformations	 to	highly	brachycephalic	 and	dolichocephalic	
skull	morphologies.




ilar	 form	or	 function	 in	different	 taxa	and	 is	often	viewed	as	 strong	
evidence	for	the	influence	of	natural	selection	on	molding	organismal	
phenotypes	 (Futuyma,	 1998;	 Gallant	 et	al.,	 2014).	 The	 concept	 of	
convergence	helped	shape	the	understanding	of	adaptation	and	the	
























The	 emerging	 synthesis	 of	 evolutionary	 and	 developmental	 bi-
ology	 (evo-	devo)	 reflects	 an	 alternative	 view	 of	 organisms	 as	 more	











tation	via	 conserved	Hox	 gene	expression	patterns,	 limb	 loss	 in	 tet-
rapods	and	patterns	of	digit	 loss	 in	amphibians	 (Lande,	1978;	Wake,	
1991;	Wake,	Wake,	&	Specht,	2011).	By	biasing	the	direction	of	phe-
notypic	variation	in	development,	some	phenotypes	can	be	produced	











degree	of	 covariation	among	 traits	 in	development	 can	have	 strong	
implications	on	the	production	of	phenotypic	variation	and	patterns	
of	adaptive	diversification	(Gould,	1966;	Kirschner	&	Gerhart,	2006;	
Schlosser	 &	 Wagner,	 2004;	 Wagner	 &	 Altenberg,	 1996).	 Whereas	
developmental	 modularity	 facilitates	 functional	 specialization	 and	
differentiation	 of	 body	 parts,	 developmental	 integration	 may	 coor-
dinate	 patterns	 of	variation	 among	 correlated	 traits	 as	 a	 result	 of	 a	













is	 a	 popular	model	 for	 the	 study	 of	modularity.	The	 skull	 has	 been	
re-	adapted	 in	almost	every	major	vertebrate	 lineage	and	performs	a	
wide	 range	 of	 functions,	 including	 protecting	 the	 brain	 and	 special	
sense	organs,	and	as	structural	support	and	muscle	attachment	sites	
for	 tissues	 involved	 in	 respiration,	 feeding,	 and	 communication	 be-
haviors	of	 the	oral	 jaws	and	pharynx	 (Barbeito-	Andrés,	Gonzalez,	&	
Hallgrímsson,	2016;	Hanken	&	Hall,	1993a,	1993b).	Within	the	skull,	
two	developmentally	distinct	modules	have	been	identified:	the	face	
and	 braincase	 (Marroig	 et	al.,	 2009;	 Piras	 et	al.,	 2014;	 Porto,	 Shirai,	
Oliveira,	&	Marroig,	2013;	Sanger,	Mahler,	Abzhanov,	&	Losos,	2012;	




&	 Marugán-	Lobón,	 2013;	 Kulemeyer,	 Asbahr,	 Gunz,	 Frahnert,	 &	
Bairlein,	2009;	Piras	et	al.,	2014).
Within	the	skull,	a	potential	developmental	bias	may	lie	in	patterns	
of	 craniofacial	 ontogeny.	 Variation	 in	 facial	 development	 has	 been	
linked	 to	 changes	 in	 the	 signaling	 from	 the	 Frontonasal	 ectodermal	
zone	 (FEZ),	 a	 developmental	 field	 located	 anterior	 to	 the	 forebrain	
and	 juxtaposed	 between	 the	 Fgf8 and Shh	 signaling	 centers	 (Hu	
&	Marcucio,	 2009a;	Hu,	Marcucio,	&	Helms,	 2003;	Hu	et	al.,	 2015;	
Whitehead	&	Crawford,	2006;	Young	et	al.,	2014).	In	a	developmen-
tal	study	of	amniotes,	disruptions	in	Fgf8 and Shh	signaling	from	the	
forebrain	 resulted	 in	 failure	 of	 the	 FEZ	 to	 induce	 expansion	 of	 the	
face	(Hu	&	Marcucio,	2009a,	2009b;	Hu	et	al.,	2003,	2015;	Marcucio,	
Cordero,	Hu,	&	Helms,	 2005).	As	 a	 result,	 embryos	were	born	with	
truncated	 faces;	 however,	 the	 nasal	 capsule	 and	 structures	 located	
just	posterior	to	the	nasal	capsule	were	well	formed.	Thus,	Fgf8 and 
Shh	 signaling	 from	 the	 forebrain	 may	 be	 an	 integrating	 factor	 that	
spans	both	the	braincase	and	facial	modules.	Brachycephalic	species	
with	 foreshortened	 skulls	may	 have	 evolved	 by	 reduced	 efficacy	 of	
these	signaling	molecules	from	the	forebrain	region.	A	direct	genetic	
basis	for	the	disruption	of	Fgf8 and Shh	signaling	from	the	forebrain	






size,	 such	 that	 a	mutation	 in	 any	 of	 several	 candidate	 genes	would	
result	in	a	similar	truncated	response	(Boell,	2013;	Houle,	1998).	This	
plastic	response	would	bias	the	phenotypic	variation	toward	the	pro-
duction	 of	 brachycephalic	 skulls.	 This	 bias	 could	 therefore	 result	 in	









ontogeny	 and	 through	 phylogeny,	 in	 gymnotiform	 electric	 fishes,	











of	 brachycephalic	 over	 dolichocephalic	 skull	 shapes	 by	 quantifying	
the	extent	of	convergent	evolution	along	this	trait	axis.	We	hypoth-
esize	 that	 developmental	modularity	 produces	brachycephalic	 skulls	
and	that	developmental	integration	produces	dolichocephalic	skulls	as	
a	 result	of	 the	 integrating	effect	of	 signaling	molecule	patterns	 that	










Gymnotiform	 electric	 fishes	 are	 known	 from	 220	 species	 repre-
senting	five	 families	 and	35	 genera.	Gymnotiformes	occupy	 a	wide	
range	 of	 aquatic	 habitats	 in	 the	 lowland	Neotropics,	 from	deep	 (to	
85	m)	 channels,	 and	 floodplains	 of	 large	 lowland	 rivers	 to	 rapids	 in	
the	mountain	 streams	of	 the	Brazilian	 shield	 and	Andean	piedmont	
above	 1,000-	meter	 elevation	 (Carvalho,	 2013;	 Crampton,	 2011).	
Within	Gymnotiformes,	much	of	the	phenotypic	disparity	is	restricted	
to	 the	craniofacial	 region	making	 this	 clade	an	excellent	 system	 for	
which	to	study	the	evolution	of	craniofacial	diversity.	Skull	and	snout	
shapes	 in	 Gymnotiformes	 range	 from	 the	 foreshortened	 bulldog-	
shaped	 faces	 of	 the	 hypopomid	 Brachyhypopomus	 and	 the	 apter-
onotids	Adontosternarchus and Sternarchella,	 to	the	elongate	tubular	
snouts	 of	 the	 rhamphichthyid	 Rhamphichthys	 and	 the	 apteronotids	
Orthosternarchus and Sternarchorhynchus,	 with	 other	 gymnotiform	
taxa	exhibiting	a	 range	of	 intermediate	skull	and	snout	phenotypes.	
These	 specialized	head	and	snout	morphologies	have	been	hypoth-
esized	 to	 represent	 convergent	 adaptations	 for	 the	 utilization	 of	
trophic	resources	(Albert,	2001;	Albert	&	Crampton,	2009;	Ellis,	1913;	
Marrero	&	Winemiller,	1993;	Winemiller	&	Adite,	1997).
2.2 | Specimen selection and preparation













examined	 for	 osteology	were	 dissected	 under	 an	 Olympus	 SZX-	12	
stereomicroscope,	 and	 photographed	 in	 lateral	 views	 using	 a	Nikon	
Coolpix	 digital	 camera	 with	 specimen	 orientations	 standardized	 to	
limit	 the	effects	of	 rotation	and	orientation.	Specimens	 too	 large	 to	
be	cleared	and	stained	were	radiographed	using	a	Kevex	MicroFocus	 
X-	ray	source	at	 the	Academy	of	Natural	Sciences	 in	Philadelphia,	or	





Two-	dimensional	 geometric	 morphometrics	 was	 used	 to	 capture	
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localities	and	sociopolitical	unrest	in	many	of	the	regions.	Furthermore,	
many	 species	 are	 rare	 in	 collections	 and	 in	many	 cases	only	 known	
from	one	or	a	handful	of	specimens.	As	a	result,	many	of	our	species	
are	 represented	 by	 a	 single	 adult	 specimen.	This	 could	 present	 dif-
ficulties	 in	 the	 interpretation	of	our	data	 as	many	 factors	 can	 influ-
ence	skull	shape	in	this	clade	(i.e.,	ontogeny	and	sexual	dimorphism).	





Shape	 changes	 in	 neurocrania	 associated	with	 growth	were	 as-
sessed	 for	 17	 gymnotiform	 species	 and	 all	 recognized	 gymnotiform	















Specimens	 selected	 for	 the	ontogenetic	 size	 series	were	 limited	





ciated	 with	 geographic	 and	 habitat	 variation.	 Specimens	 were	 also	
selected	to	represent	as	large	a	range	of	body	sizes	as	possible	from	
among	 available	 materials.	 This	 approach	 does	 however	 confound	
static	and	ontogenetic	allometry	as	it	captures	all	shape	variation	as-
sociated	with	 size	 and	 not	 just	 the	 shape	variation	 associated	with	






A	 principal	 components	 analysis	 (PCA)	 was	 conducted	 from	 a	 co-
variance	matrix	 of	 Procrustes	 coordinates	 and	 used	 to	 analyze	 the	
differences	and	similarities	 in	shape	among	specimens.	This	analysis	























































Scores	 from	 the	 first	 principal	 axis	 of	 our	 analysis	 are	 used	 in	
several	of	our	 subsequent	analyses	 to	 study	 the	evolution	of	a	 spe-
cific	 aspect	 of	 shape	 change	 (relative	 skull	 length).	 Several	 cautions	





















differences	 in	 allometric	 slope	 angles.	 Allometric	 trajectories	 were	
analyzed	 for	all	17	species	and	 then	subdivided	between	brachyce-
phalic	 (adult	 PC1	<	0.00)	 species	 and	 dolichocephalic	 species	 (adult	
PC1	>	0.00)	 and	 displayed	 using	 a	 predicted	 shape	 vs.	 log-	centroid	








were	 defined	 as	 spatially	 contiguous	 landmark	 sets	 demarking	 the	
margins	of	the	braincase	(LM	9–17)	and	face,	the	latter	of	which	in-
cludes	 the	ethmoid	 and	 sphenoid	 regions	of	 the	neurocranium	 (LM	
1–8)	 (Figure	1b).	The	prebraincase	and	braincase	 regions	of	 the	ac-
tinopterygian	 skull	 are	 defined	 in	 Patterson	 (1975)	 and	Mabee	 and	






ated	by	 taking	 the	 residuals	 of	 a	 regression	of	 log-	centroid	 size	 vs.	
shape	(Loy,	Mariani,	Bertelletti,	&	Tunesi,	1998)	for	the	ontogenetic	
analysis	 and	 analyzing	 them	 using	 the	 three	modularity/integration	
metrics	discussed	below.
Recent	advances	in	the	theoretical	framework	of	integration	and	
modularity	have	produced	 several	 novel	metrics	 for	which	 to	quan-
tify	 the	 degree	 of	 integration	 and	 modularity	 within	 and	 between	







(face	 and	 braincase)	 using	 a	 partial	 least	 squares	 analysis	 (PLS)	 and	
compares	this	to	a	null	distribution	of	neither	 integrated	or	modular	
structure	 (Adams,	 2016)	 using	 the	 covariance	 ratio	 (CR).	 Significant	







functions	 as	 the	 test	 statistic.	 Significant	 integration	 is	 determined	
when	this	test	statistic	 is	 larger	than	the	permuted	null	distribution.	
The	 PLS	 correlation	 coefficient	 is	 interpreted	 similarly	 to	 the	 (CR)	
coefficient	 with	 higher	 values	 corresponding	 to	 higher	 degrees	 of	
integration.












Ontogenetic	 disparities	 of	 17	 gymnotiform	 species	were	 calculated	
using	 the	 “moprhol.disparity”	 function	 in	 the	 R	 package	Geomorph. 


































jecting	 this	 phylogeny	 onto	 a	 two-	dimensional	 plane	where	 branch	
lengths	and	distances	are	inferred	by	the	differences	in	shape	between	
groups	using	squared-	changed	parsimony	(Sidlauskas,	2008).	Treefiles	








2.11 | Phylogenetic least squares regression
The	relationship	between	ontogenetic	covariation	and	adult	relative	
skull	length	(PC1)	and	the	relationship	between	ontogenetic	disparity	










et	al.,	 2013;	Uyeda	&	Harmon,	2014).	 In	 an	OU	process,	 continuous	
















magnitudes	were	 calculated	 using	 a	 nonparametric	 approach	which	






















Here,	 we	 refer	 to	 variance	 along	 the	 brachycephalic	 to	 dolichoce-
phalic	axis	of	craniate	skull	shape	(Retzius	&	Alexander,	1860)	as	het-
erocephaly,	displayed	here	as	PC1	in	Figure	2.	Heterocephaly	describes	












3.2 | Neurocranial diversity of gymnotiformes
Gymnotiformes	 display	 a	 wide	 range	 of	 craniofacial	 phenotypes	




est	 scores	 (e.g.,	Adontosternarchus balaenops:	 depicted	 in	 inset),	 and	







cies	 with	 brachycephalic	 skulls	 have	 a	 deeper	 aspect	 in	 lateral	 pro-
file,	 as	 compared	 with	 apteronotids	 with	 elongate	 snouts	 or	 other	
Gymnotiformes.
3.3 | Repeated patterns of heterocephalic evolution
Among	Gymnotiformes,	 clades	with	brachycephalic	or	dolichoce-
phalic	 skulls,	 characterized	by	extreme	PC1	values,	have	evolved	
multiple	 times	 (Figure	3).	 The	 apteronotids	 Parapteronotus and 
Sternarchorhynchus,	 and	 the	 rhamphichthyid	 Rhamphichthys 
drepanium,	 possess	 the	 most	 dolichocephalic	 skull	 shapes	 with	
the	 highest	 PC1	 scores	 (blue	 branches	 in	 Figure	3a).	 Species	 ex-
hibiting	 the	 most	 brachycephalic	 skull	 shapes	 with	 the	 lowest	
PC1	scores	 include	the	apteronotids	A. balaenops,	 the	hypopomid	
Brachyhypopomus beebei,	 the	 gymnotid	 Gymnotus diamantinen-
sis,	 and	 the	 rhamphichthyid	 Steatogenys elegans	 (red	 branches	 in	
Figure	3a).
3.4 | Neurocranial ontogeny: general patterns
The	 ontogenies	 that	 construct	 the	 craniofacial	 phenotypes	 of	
Gymnotiformes	are	highly	variable	in	slope	between	species	(Table	2)	









Three	 tiers	 of	 ontogenetic	 disparity	 (ontogenetic	 Procrustes	
variance)	were	 found	 in	analysis	of	pairwise	comparisons	 (Tables	3	
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(Sternarchorhynchus and Gymnorhamphichthys)	differed	significantly	
from	 all	 other	 non-	tube-	snouted	 species	 in	 ontogenetic	 dispar-
ity,	with	 these	 taxa	 exhibiting	 the	 highest	 ontogenetic	 disparities.	
Additional	 species-	specific	 differences	 were	 also	 found	 between	
Gymnorhamphichthys and Sternarchorhynchus.	Dolichocephalic	 spe-
cies	 without	 a	 tube-	shaped	 snout	 (Compsaraia and Apteronotus)	
differed	 significantly	 from	 the	 most	 brachycephalic	 species	
(Adontosternarchus,	 Sternarchogiton,	 Steatogenys, and Sternarchella 
orthos).	Most	 brachycephalic	 species	 did	 not	 differ	 significantly	 in	
ontogenetic	disparity	(except	P. gimbeli).
3.5 | Neurocranial ontogeny: brachycephalic patterns
Brachycephalic	 species	 exhibit	 a	 diverse	 range	 of	 ontogenetic	 slope	
angles	 (Figure	4).	 A	 Procrustes	 ANOVA	 recovered	 pairwise	 species-	
specific	 differences	 in	 slope	 angles	 (Table	4).	 The	 slope	 angles	 ap-
pear	to	cluster	in	two	main	groups,	the	first	of	which	is	comprised	of	
species	 with	 shallow	 slope	 angles	 (≤90°)	 (A. balaenops,	 G. coropinae,	
S. orthos, and Sternarchella orinoco).	 The	 second	 group	 is	 comprised	
of	species	with	slope	angles	larger	than	90°	(S. calhamazon, P. gimbeli, 










































–0.208 PC1   0.338 
(a) (b)
Full ontogenetic 
ANOVA df SS MS Rsq F Z Pr(>F)
Log(size) 1 1.595 1.595 0.193 586.043 20.423 .002
Species 16 5.494 0.343 0.665 126.127 14.061 .002
Log(size):species 16 0.282 0.018 0.034 6.472 5.262 .002
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brachycephalic	species	(i.e.,	in	the	same	genus:	S. calhamazon vs. S. or-
thos,	G. carapo vs. G. coropinae)	differ	significantly	in	ontogenetic	slope	
angle.
3.6 | Neurocranial ontogeny: dolichocephalic patterns
Dolichocephalic	 species	appear	 to	exhibit	 less	diversity	 in	slope	an-
gles,	 with	 all	 observed	 angles	 larger	 than	 90°	 (Figure	4).	 However,	
a	 Procrustes	 ANOVA	 found	 significant	 differences	 in	 slope	 angle	
between	 some	 dolichocephalic	 species	 ontogenies	 (Table	5).	
Gymnorhamphichthys hypostomus	 possesses	 the	 largest	 slope	 angle	
and	was	 found	 to	 differ	 significantly	 from	 all	 other	 dolichocephalic	
species	 (excluding	 S. montanus)	 in	 pairwise	 comparisons	 of	 slopes	
angles.	 Among	 dolichocephalic	 species,	 closely	 related	 taxa	 (i.e.,	 in	
the	same	genus)	were	found	to	possess	statistically	indistinguishable	
slope	angles	(except	C. samueli).
3.7 | Ontogenetic modularity and integration
The	 ontogenetic	 series	 of	 skulls	 in	 17	 gymnotiform	 species	 were	












significant	 patterns	 of	 ontogenetic	modularity	 and	 possessed	 lower	
ontogenetic	CR	coefficients	while	also	exhibiting	a	lower	ontogenetic	
GI	 coefficient.	 As	 expected,	 this	 same	 species	 failed	 the	 test	 of	 in-
tegration	 quantified	 by	 the	 PLS	 correlation	 coefficient.	 The	 inverse	
was	true	for	the	most	dolichocephalic	species	(PC1	>	0)	(Apteronotus, 




togenetic	 integration	 and	 modularity	 (i.e.,	 S. orinoco, S. calhamazon, 
Gymnotus,	and	Brachyhypopomus)	and	these	species	had	intermediate	
GI	values	ranging	from	−0.38	to	−0.54.	The	most	brachycephalic	spe-







correlation	 coefficients	 (p	=	0.11)	 or	 global	 integration	 coefficients	
(p	=	0.469).	However,	allometric	correction	did	significantly	affect	CR	
coefficient	 values	 (p	=	0.026)	 (Table	 S7).	 Despite	 the	 lack	 of	 signifi-
cant	differences,	all	of	the	dolichocephalic	species	experienced	slight	
to	 large	 decreases	 in	 covariation	 coefficient	 values	 after	 allometric	
correction.
A	 significant	 relationship	was	 recovered	 between	 ontogenetic	
disparity,	ontogenetic	global	integration,	and	the	ontogenetic	mod-
ularity	 (Table	8).	 Significant	 pairwise	 differences	 were	 also	 found	
between	ontogenetic	disparities	between	species	with	the	most	dol-
ichocephalic	 skulls	 (Sternarchorhynchus and Gymnorhamphichthys)	








3.8 | Evolution of developmental integration and 
ontogenetic disparity
The	 ancestral	 state	 of	 neurocranial	 global	 integration	 (GI)	
Gymnotiformes	 is	 intermediate	 level	 of	 integration	 (GI	=	−0.50)	
(Figure	5a).	 Here,	 the	 independent	 evolution	 of	 extreme	 GI	 val-
ues	 is	 observed	 in	G. coropinae,	 S. calhamazon,	 S. orinoco,	 S. elegans,	 




that	 displayed	 intermediate	 levels	 of	 integration	 (i.e.,	 Apteronotus,	
TABLE  3 Ontogenetic	disparities	and	average	relative	skull	
lengths	of	adult	specimens	(PC1)	of	17	gymnotiform	species
Species Ontogenetic disparity PC1
A. albifrons 0.008 0.000
A. baleanops 0.020 −0.087
B. brevirostris 0.010 −0.053
C. compsa 0.006 0.039
C. samueli 0.006 0.097
G. hypostomus 0.070 0.305
G. carapo 0.014 −0.021
G. coropinae 0.014 −0.144
P. gimbelli 0.006 −0.079
S. calhamazon 0.011 −0.096
S. elegans 0.016 −0.164
S. hagedornae 0.048 0.223
S. macrurus 0.008 −0.035
S. montanus 0.052 0.234
S. nattereri 0.018 −0.123
S. orinoco 0.011 −0.048
S. orthos 0.018 −0.049
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Compsaraia, and Sternopygus)	 displayed	 the	 least	 ontogenetic	 dis-
parity	 followed	 by	 other	 species	 with	 lower	 levels	 of	 	ontogenetic	
	integration.	Conversely,	highly	integrated	species	exhibited	the	larg-
est	 ontogenetic	 disparities.	 Both	 these	 patterns	 are	 estimated	 to	
have	evolved	multiple	times	 independently,	and	no	significant	phy-
logenetic	 signal	 is	 observed	 in	 the	ontogenetic	disparities	 of	 these	
species	(p	=	0.97).
3.9 | Convergent evolution in heterocephaly
Brachycephalic	 and	 dolichocephalic	 skulls	 evolved	 18	 independent	
times	 within	 Gymnotiformes	 (Figure	6).	 Of	 these	 18	 shifts	 in	 skull	
shape,	 16	 were	 shifts	 to	 convergent	 phenotypes	 (Figure	7).	 Three	
brachycephalic	 convergent	 regimes	 were	 estimated	 across	 the	
phylogeny,	two	of	which	had	bootstrap	support	values	over	70%	for	
most	 shifts	 (purple	 and	 light	blue),	with	 the	 light	blue	 regime	being	
the	 largest.	This	 regime	corresponded	 to	 the	most	extreme	brachy-
cephalic	 phenotypes	 and	 evolved	 at	 least	 once	 in	 four	 of	 the	 five	







ofacial	characters	 resulted	 in	taxonomic	confusion	 in	the	placement	
of	these	species	 in	the	phylogenetic	classification	in	previous	analy-
ses	 (i.e.,	Adontosternarchus,	 Sternarchogiton, and Porotergus)	 (Albert,	
TABLE  5 Pairwise	comparisons	of	ontogenetic	allometric	slope	angles	for	six	dolichocephalic	species	of	gymnotiform	fishes	(PC1	<	0.00)
df SSE SS R2 F Z Pr(>F)
Log(centroid-	size) 130 2.375
Log(centroid-	size)	+	species 125 0.516 1.859 .598 90.066 16.026 .001
Pairwise comparisons of slope angle (degrees)
Species S. montanus C. samueli G. hypostomus S. hagedornae A. albifrons C. compsa
S. montanus 1 0.497 0.344 0.417 0.339 0.346
C. samueli 0.497 1 0.007 0.045 0.214 0.213
G. hypostomus 0.344 0.007 1 0.022 0.049 0.041
S. hagedornae 0.417 0.045 0.022 1 0.112 0.103
A. albifrons 0.339 0.214 0.049 0.112 1 0.209
C. compsa 0.346 0.213 0.041 0.103 0.209 1
TABLE  6 Ontogenetic	modularity	and	integration	of	the	neurocranium	for	17	species	of	gymnotiform	fishes.	Bold	values	indicate	statistical	
significance
Species Ontogenetic GI Ontogenetic CR p- Value r.pls p- Value
A. balaenops −0.52 0.883 .034 0.791 .088
A. albifrons −0.54 1.029 .274 0.901 .003
B. brevirostris −0.54 0.876 .004 0.873 .001
C. compsa −0.58 1.083 .676 0.951 .001
C. samueli −0.63 0.999 .092 0.915 .001
G. hypostomus −1.01 1.098 .21 0.966 .001
G. carapo −0.49 0.992 .024 0.914 .001
G. coropinae −0.38 0.85 .004 0.734 .001
P. gimbeli −0.52 0.979 .228 0.754 .045
S. elegans −0.34 1.006 .432 0.919 .001
S. calhamazon −0.50 0.818 .008 0.816 .001
S. orinoco −0.38 0.921 .006 0.822 .041
S. orthos −0.33 0.924 .114 0.703 .015
S. nattereri −0.03 1.135 .902 0.994 .844
S. hagedornae −0.74 1.048 .272 0.977 .001
S. montanus −0.75 1.069 .352 0.988 .001
S. macrurus −0.52 0.822 .04 0.622 .275
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2001).	Another	brachycephalic	 regime	 (purple)	 included	slightly	 less	





on	 the	 scales	 and	 tales	 of	 other	 electric	 fishes	 suggesting	 that	 this	








est	 body	 sizes	 (Hypopygus)	 and	 planktivorous	 species	 (S. elegans)	
(Marrero	&	Winemiller,	1993;	Winemiller	&	Adite,	1997).
Two	 convergent	 dolichocephalic	 regimes	were	 estimated	 in	 the	
analysis	(light	green	and	yellow).	Interestingly,	our	results	find	no	sup-
port	for	convergence	of	the	tube-	snouted	clades	of	Rhamphichthys and 
Sternarchorhynchus;	 instead,	 Rhamphichthys is a nonconvergent re-





Brownian motion OU Bp Oup
GI −40.59 −34.05 >0.00 >0.00
CR −18.6 −12.67 0.01 0.95




Brownian motion OU Bp Oup
GI −78.27 −89.14 >0.00 0.005
CR −58.28 −80.96 >0.00 0.413
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and Gymnorhamphichthys)	 constitute	 their	 own	 convergent	 regime	
(light	green).
4  | DISCUSSION






dolichocephalic	 phenotypes.	We	 also	 find	 that	 species	 that	 exhibit	
developmental	 disintegration	 and	 modularity	 generally	 exhibit	 less	
ontogenetic	 disparity	while	more	 integrated	 species	were	 found	 to	
exhibit	more	ontogenetic	disparity.	Despite	significant	differences	in	
ontogenetic	 disparity	 between	 brachycephalic	 and	 dolichocephalic	
species,	brachycephalic	species	were	not	found	to	differ	significantly	
from	each	other	 in	most	 instances.	However,	more	 species-	specific	
differences	 in	ontogenetic	 slope	 angle	were	 found	between	 closely	
related	 brachycephalic	 than	 dolichocephalic	 taxa	 among	 congeners.	
This	 suggests	 that	 while	 ontogenetic	 disparities	 are	 fairly	 constant	
among	brachycephalic	 species,	differences	 in	slope	angles	may	pro-
duce	shape	diversity	within	similar	ranges	of	ontogenetic	disparity.
We	 estimate	 that	 the	 ancestral	 heterocephalic	 condition	within	
Gymnotiformes	 was	 a	 skull	 of	 intermediate	 relative	 length,	 simi-
lar	 in	 proportions	 to	 the	 extant	 species	 Apteronotus albifrons and 
Sternopygus macrurus.	This	 result	 is	consistent	with	earlier	published	
estimates	 of	 the	 ancestral	 gymnotiform	 skull	 shape	 (Albert	 &	 Fink,	
2007;	Albert	et	al.,	2005;	Gregory,	1933).	We	also	estimate	ancestral	
states	of	developmental	integration	and	find	intermediate	values	con-












Parsons,	 Taylor,	 Powder,	&	Albertson,	 2014).	One	 such	mechanism	
is	 the	modulation	of	a	gradient	of	Shh and Fgf8	 signaling	molecules	









degrees	 of	 modularity	 recovered	 between	 the	 face	 and	 braincase	
(Table	5).	 This	 finding	 suggests	 that	 while	 ontogenetic	 disintegra-
tion	of	the	neurocranium	may	coincide	with	brachycephalization,	this	
disintegration	 does	 not	 guarantee	 significant	modularization	 of	 the	
neurocranium.
It	is	possible	that	other	signaling	processes	may	work	in	conjunc-
tion	 to	 further	 influence	 brachycephalization.	 Parsons	 et	al.	 (2014)	
found	that	expanded	Wnt/β-catenin	signaling	during	craniofacial	de-
velopment	worked	 to	 lock	 in	 larval	 craniofacial	phenotypes	 through	
accelerated	rates	of	bone	deposition.	The	expansion	of	the	signaling	
was	 found	 to	 produce	 a	 brachycephalic	 skull	 with	 a	 convex	 dorsal	
surface.	This	 craniofacial	phenotype	 resembles	 the	adult	phenotype	
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&	Goldie,	2016;	Harada,	 Sato,	&	Nakamura,	2016;	McCarthy	et	al.,	
2016;	Sudheer	et	al.,	2016;	Wada	et	al.,	2005).	It	is	therefore	unlikely	
that	modulation	of	 these	 signaling	molecules	 is	 regulated	by	 a	 sin-









lutionary	 convergence	 toward	 brachycephalic	 than	 dolichocephalic	
phenotypes.





of	 brachycephalic	 skulls	 across	 four	 of	 the	 five	major	 gymnotiform	
clades	 (Figure	7).	 In	contrast,	we	 recover	only	 two	convergent	doli-
chocephalic	regimes,	both	of	which	are	confined	to	two	major	gymno-
tiform	clades	(Apteronotidae	and	Rhamphichthyidae).	In	general,	the	
dolichocephalic	 regimes	 correspond	 to	 tube-	snouted	 faces	 (except	
Parapteronotus).	 Across	 Gymnotiformes,	 tube	 snouts	 have	 evolved	









mechanics	 of	 tube	 suction	 feeding	 have	 contributed	 to	 convergent	
evolution	of	this	phenotype.
These	 limited	 structural	 and	 functional	 similarities	 observed	
among	 independently	 evolved	dolichocephalic	 gymnotiforms	 stand	
in	strong	contrast	to	the	substantial	structural	and	functional	diver-
sity	observed	in	brachycephalic	taxa.	An	example	can	be	found	in	the	
light	blue	regime	(Adontosternarchus, Gymnotus, and Sternarchogiton)	
where	 despite	 all	 species	 possessing	 gracile	 rounded	 and	 fore-
shortened	 skulls,	 certain	 clades	 have	 evolved	 robust	 oral	 denti-
tion	 (Gymnotus)	 associated	with	 piscivory	while	 other	 clades	 have	
lost	 oral	 dentition	 all	 together	 and	 exhibit	 planktivorous	 habits	
(Adontosternarchus).	 Two	 clades	 in	 this	 regime	 (Adontosternarchus 
and Sternarchogiton)	 were	 found	 to	 also	 undergo	 limited	 degrees	
of	 ossification	 during	 growth	 of	 the	 facial	 region,	 thus	 retaining	 a	
juvenilized	 appearance	 as	 compared	 with	 a	 more	 heavily	 ossified	
Magosternarchus	 skull.	 A	 similar	 pattern	 is	 observed	 in	 the	 purple	
regime	 characterized	 by	 Sternarchella and other Gymnotus	 taxa, 




brachycephalic	 phenotype	 is	 highly	 adaptable	 to	 a	 wide	 range	 of	






gate	 dolichocephalic	 species	 exhibit	 more	 integrated	 patterns	 of	
development.	We	also	find	a	relationship	between	disintegration	and	
ontogenetic	 disparity,	 in	which	 species	with	 a	 more	 integrated	 on-
togeny	exhibit	 larger	ontogenetic	disparities.	We	also	 report	 several	
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